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Wetland Loss in the Northern Gulf of Mexico: 
Multiple Working Hypotheses 
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Coastal Ecology Institute and 
Department of Oceanography and Coastal Sciences 
Louisiana State University 
Baton Rouge, Louisiana 70803 
ABSTRACT: I e x a m i n e d  four  hypo theses  about  causes  for  the  dramatically h igh  coastal wetland losses (0.86% yr t) in 
the  no r the rn  Gul f  o f  Mexico: an  extensive d redged  canal and  spoil bank network, a decline in s ed imen t s  in the  Mississippi 
River dur ing  the  1950s, Mississippi River navigation and  flood pro tec t ion  levees, and  salinity changes.  Natural  factors  
contr ibut ing to these  habitat  changes  include eustat ic sea-level rise and  geological compact ion ,  which appear  to have 
r ema ined  relatively cons tan t  this century,  a l though variation does  occur. These  four  hypotheses  were tes ted us ing  data  
on land-to-water changes  in  15-rain quadrangle  m a p s  inventor ied  for  f ou r  intervals  be tween the 1930s and  1990. Land  
loss rates  were directly propor t iona l  to changes  in wetland hydrology in t ime and  space.  A l inear regress ion o f  the direct  
losses due  to d redg ing  versus  the losses due  to all o the r  factors  (indirect losses) had  a zero in tercept  and  a s lope that 
increased with t ime. T h e  ratio indirect:direct  land loss was h ighes t  neares t  the es tuar ine  entrance.  The  coastwide pa t te rns  
o f  land loss do no t  appear  to be  a f fec ted  by riverine sed imen t  reduc t ions  over  the  last 60 yr. The  effects  o f  changes  in 
wet land hydrology f r o m  dredg ing  h u m a n - m a d e  channe l s  and  fo rming  d r edged  spoll  banks  appea r  to be  the  m o s t  effi- 
cacious hypothes i s  expla in ing these  dramat ic  losses.  The  effects  o f  extensive  h u m a n - i n d u c e d  changes  on this coast  have 
apparent ly  ove rwhe lmed  the causal  l inkages identif ied in the historical re-construct ionis t  view of  deltaic gain and  loss 
that  emphas izes  the role o f  minera l  sed iments .  A parad igm shif t  is there fore  p roposed  that  emphas izes  a broad  ecological 
view as cont ras ted  to a most ly  physical view emphas iz ing  the role o f  s ed imen t  supply  in wet land main tenance .  In this 
view, p lants  are n o t  a n  ancillary consequence  o f  strictly geological dynamics  such  as s e d i m e n t  supply  bu t  are d o m i n a n t  
agents  control l ing factors  relevant  to coastal restorat ion and  m a n a g e m e n t  effor ts .  
In t roduc t ion  
The  most  d ramat ic  coastal wetland losses in the 
Uni ted States are in the no r t he rn  Gulf  of  Mexico 
(Turne r  1990), which has 41% of  the nat ional  in- 
ventory  of  coastal wetlands (Turne r  and  Gosselink 
1975) and 80% of  the na t ion ' s  total wetland losses 
(Dahl 1990). T h e  annua l  wedand  losses were 
12,700 ha f rom 1955 to 1978 (0.86% yr-1; Bau- 
m a n n  and T u r n e r  1990). At this rate, land equiv- 
alent  to the area  of  Rhode  Island was conver ted  to 
open  water  within 21 yr. The  loss rate subsequently 
decl ined between 1983 and  1990 (Britsch and  
Dunba r  1993). 
The  initial habi ta t  conversions f rom h u m a n  ac- 
tivities, or  "di rec t  impacts ,"  are well d o c u m e n t e d  
and represent  abou t  12% of  the total land losses 
(Britsch and  Dunba r  1993; note:  on  this coast  wet- 
land loss and  land loss are essentially equal,  e.g., 
B a u m a n n  and T u r n e r  1990). The  remain ing  88% 
of  the losses are the result o f  o the r  causes. These  
" indi rec t  impac ts"  are the secondary  or subse- 
quen t  changes  result ing f rom,  for example ,  reduc- 
tions in sed iment  supply or f rom dredging,  f rom 
~Tele: 504-388-6454; fax: 504-388-6326; e-mail:  tu rn -  
er@wr3600.cwr.Lsu.edu. 
subsurface fluid withdrawal, or  f rom hydrologic al- 
terations. The  ratio of  direct  : indirect  impacts  re- 
sulting f rom h u m a n  activities may vary unde r  in- 
f l uences  such  as g loba l  sea-level  rise, c l ima te  
changes,  soil type, geologic setting, or  manage-  
ment .  
The  causes of  these indirect  coastal wet land 
losses have rarely been  explicitly stated as hypoth-  
eses or  quant if ied in ttle scientific l i terature.  A re- 
cent  scientific review by coastal experts  (Boesch et 
al, 1994) included d redged  canals as a major  fac- 
tor, but  m a n a g e m e n t  d o c u m e n t s  give a different  
view. For example ,  a r epo r t  by the Science Advisory 
Panel to the Governor  of  Louisiana inc luded ca- 
nals within a discussion of  " m a r i n e  tidal invasion," 
one  of  six categories of  causes (Gagliano 1994). 
This  r epo r t  suggested that  a vigorous m a n a g e m e n t  
p r o g r a m  (presently $147 million f rom 1992 to 
1996; Anonymous  1995a) could achieve a balance 
of  no coastal land loss within 50 yr. A recent  Lou- 
isiana State G o v e r n m e n t  "White  Pape r "  unequiv- 
ocally conc luded  that  a decrease in the sed iment  
supply was the one  cause of  coastal wetland losses: 
"al terat ions to the river system, result ing in a long 
te rm sed iment  deficit in a subsiding coast, is the 
major  overall p r o b l e m "  (Anonymous  1995b, p. 4). 
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The  State of  Louis iana has clearly adop ted  the per- 
spective that  landloss is a consequence  of  sed iment  
starvation and  that  res torat ion is therefore  depen-  
den t  on sed iment  m a n a g e m e n t .  
The  general  absence  of  clearly stated hypotheses  
that allow for testing, quantif ication,  and  predic- 
tion hinders  deve lopmen t  of  clear m a n a g e m e n t  
choices with known consequences ,  tor example ,  
area  conserved  a n d / o r  res tored  and  resources al- 
located. I agree  with Slobodkin who c o m m e n t e d  
(1988, p. 342) on the role of  science in public re- 
source managemen t :  "Practical  quest ions of  envi- 
ronmen ta l  m a n a g e m e n t  in the absence of  ecology 
are likely to receive misleading and  even danger-  
ous answers." 
I tested four  hypotheses  abou t  the causes of  wet- 
land losses a long this coast. A central  conce rn  is to 
identify the cause-and-effect  relat ionships leading 
to land (and wetland) losses to reduce  or even re- 
verse the present  and  past regression th rough  ei- 
ther  active or  passive m a n a g e m e n t .  
The Environmental Setting 
The  Louis iana coast f o r m e d  after  the Pleisto- 
cene as a series of  over lapping riverine deltas ex- 
t ended  on to  the cont inenta l  shelf. The  Mississippi 
River, now partially cap tured  by the AtchafMaya 
River, shifted 6 times over the last 6,000 yr seeking 
the lower hydrologic resistance of  a shor te r  route  
to the sea (Fisk et al. 1954). This process of  indi- 
vidual delta growth and  a b a n d o n m e n t  con t inued  
until the posit ion of  the m o d e r n  bird-foot  (Balize) 
delta was r eached  abou t  200 yr ago and  more  than  
1 mill ion ha  accumula ted  coastwide. 
As the coastline progressed  seaward, delta m u d  
was overlain by silts and  sands and  topped  by del- 
taic sediments,  including organic  deposits  (Fisk et 
al. 1954). Smaller  subdehas  may deposi t  sediments  
up to 14 m thick and  the ent i re  delta sequence  
may be 150 m deep.  These  f ine-grained and  highly 
organic  sediments  unde rgo  consolidat ion,  compac-  
tion, and  oxidat ion result ing in subsidence.  The  
highest  subsidence rates occur  in the u p p e r  2 m 
of  the marsh  soils (Turne r  1991). 
The Chenie r  Plain, located in western I,ouisiana, 
is a series of  sand and shell ridges (shore-parallel  
to shore-oblique) that are separa ted  by prograda-  
tional mudllats,  wetlands, or  open  water. It  is called 
a 'Chen ie r '  in re ference  to the oak trees (chene in 
French)  growing on the s t randed beach  ridges. 
Mudflats grow dur ing  periods of  deltaic abandon-  
m e n t  as reworked sediments  move westward with 
littoral drift; subsequent  sed iment  re-sorting builds 
ridges, which s t ructure  waterflow within the estu- 
ary between them. 
The  suspended  sed iment  load f rom the Missis- 
sippi River dra inage system decl ined in the mid- 
1950s following dam and reservoir  const ruct ion on 
major  tr ibutaries (Meade and  Parker  1984; Kesel 
1988). It is not  clear how the presen t  suspended  
sed iment  load compares  to that  before  Europeans  
c o l o n i z e d  the  Mississippi  River  w a t e r s h e d .  In-  
creased habi tat ion and  defores ta t ion within the 
Mississippi Rivet- basin probably  led to increased 
suspended  sed iment  concent ra t ions  pr ior  to dam 
construct ions,  as h a p p e n e d  elsewhere. For exam- 
ple, Brush (1984) d o c u m e n t e d  a twofold increase 
in sed iment  delivery to coastal systems following 
deforestat ion and  fa rming  in Chesapeake  Bay trib- 
utaries. Sed iment  loading in the 1950s may there- 
fore be an inappropr ia t e  baseline measure  of  long- 
te rm (centuries)  averages to c o m p a r e  with present  
sed iment  loadings. 
Reducing the direct  in t roduct ion  of  riverine sed- 
imen t  into wetlands (via e i ther  natural  breaks in 
the river levee or overbank  f looding in the 1930s 
before  f lood protec t ion  levees on the lower Missis- 
sippi River were comple ted)  undoubted ly  influ- 
enced  sed imenta t ion  supply rates to the coastal 
zone. About  3% of  the suspended  minera l  mat te r  
present ly conf ined  within the Mississippi River lev- 
ees would be delivered directly to the wetlands 
th rough  overbank  f looding and  crevasses (levee 
breeches)  if the levees did not  prevent  it (Kesel 
1988). However, our  knowledge of  sed iment  stor- 
age in rivers, cont inenta l  shelves, and  coastal wet- 
lands is too incomple te  to predic t  how much  less 
land would be built, or  even if there would be a 
net  loss, with such changes  in suspended  sed iment  
supply. 
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Fig. 1. Aerial views of  l ,ouisiana coastal wetlands. An approx imate  scale in each is tile width o f  an individual canal  (normally 30 
in). A. A false-color image of  the  Big Mar, a fo rmer  agricul ture  reclamat ion site (circa 1915) located to the  southeas t  of  New Orleans.  
B. A fo rmer  logging site near  I a k e  Maurepas,  Louisiana.  The  star-shape lines in the  cen te r  by the  canal are where  cypress logs were 
d ragged  out  a r o u n d  the beg inn ing  o f  this century.  C. A network of  canals in tile I,eeville oilfield at Leeville, I,ouisiana, located a long 
Bayou I ,afourche and  near  Catfish lake. D. A network o f  canals and  spoil banks. Tile t e rminus  of  each d redged  'keyhole '  is a dril l ing 
location. E. A d redged  canal and  spoil bank crossing a natural  sa lunarsh  bayou. The  nearby artificial channe l  is probably a dra inage  
ditch. Note  the  in te r rup t ion  in natural  channe l  network by the spoil hank.  E Wetlands on  the nor thwest  shore  o f  Lake Pontchar t ra in .  
Note the  drastic vegeta t ion differences on  e i ther  side of  the spoil bank.  G. A g r o u n d  view of  a canal and  spoil bank built ca. 30 yr 
ago in a salt marsh  near  Cocodrie,  Louisiana.  t t .  A d redged  canal  and  spoil hank  crossing a natural  sal tmarsh bayou in the  Barataria 
Bay estuary. A natural  channe l  is b locked on the  sou the rn  side o f  the d redged  channel ,  and  e roded  on  the n o r t h e r n  side. 
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I,arge-scale in situ modificat ion o f  these coastal 
wetlands was fully underway in the 1950s when in- 
tensive offshore and onshore  oil and gas recovery 
activities were developing.  Canal d redging  is most- 
ly for oil and gas recovery but  also to increase 
dra inage and  to assist navigation, t rapping,  and 
wildlife m a n a g e m e n t  (Fig. 1). Canal d redg ing  cre- 
ates spoil banks, which are the m o u n d s  of  residual 
d redging  mater ial  p laced on e i ther  side of  the ca- 
nal, most  often in a cont inuous  levee and  at lnuch 
higher  levels than the mean  high tide level. Spoil 
banks may last for  decades  (Monte  1978). Oil and 
gas produc t ion  rates peaked  abou t  1973 and  have 
since declined.  Consequently,  fewer canals have 
been built in recent  years. 
Hypotheses  About Causal Mechanisms 
I tested the following hypotheses  about  the 
coastwide causes of  land loss on this coast: 
H I .  The indirect consequences of dredged canals and 
the resulting spoil banks have led to the majority of land 
loss since the 1930s. This hydrologic change  hypoth-  
esis is suppor t ed  by the increased incidence of land 
loss nea r  canals, r educed  accret ion rates near  or 
beh ind  spoil banks, hydrologic changes  in wetland 
f looding pa t te rns  and  decreased  natural  channel  
densi ty ,  p l a n t  phys i o l og i ca l  s tudies ,  and ,  f r o m  
quantif icat ion of  direct  impacts  (Swenson and Tur- 
ner  1987; T u r n e r  1987; Cahoon  and T u r n e r  i989; 
T u r n e r  and  Rao 1990). 
H2. A decline in suspended sediments of the Missis- 
sippi River during the 1950s led to the majority of the 
land losses. H2 is based on the assumpt ion  that  riv- 
er-derived sediments  bu ih  these wetlands over  
thousands  of  years of  deltaic plain expansion,  and  
are the exclusive c o m p o n e n t  that sustains them.  
This hypothesis  assumes that  the decline in sus- 
pended  sediments  of  the Mississippi River is not  
c o m p e n s a t e d  for by o the r  factors such as increased 
t rapping  efficiency or increased organic  mat te r  de- 
position, and  that  the decline is sufficient to cause 
net land loss, no t  just  a reduct ion  in land building. 
The  m o v e m e n t  of  riverine-derived suspended  sed- 
iments  f rom delta passes, a long the coast, th rough  
tidal passes, and  on to  the marsh  is the p r imary  sed- 
iment  t ranspor t  pathway in this hypothesis.  H2 also 
reduces  the role of  wetland plants  in cont r ibut ing  
to soil accumula t ion  to e i ther  a passive or  reaction- 
ary role. 
H3. Mississippi River navigation and flood protection 
/crees', mostly built during the 1930s, led to the majority 
of the land losses. The  assumpt ions  of  H3 are similar 
to those of  H2, but  also includes concomi t an t  ef- 
fects of  reduc ing  freshwater flow into esmar ine  
headwaters  th rough  crevasses and  overbank  flood- 
ing in spring. Changes  in the freshwater balance 
of  estuaries affect e m e r g e n t  vegetat ion,  which is 
perceived as a stress leading to land loss. Ano the r  
di f ference between H2 and H3 is that the sus- 
p e n d e d  sediments  in H2 are in t roduced  f rom the 
sea, and  in H3 at the estuarine headwaters.  The  
assumpt ions  under lying H2 and H3 consti tute the 
rat ionale for most  o f  the State 's restorat ion plans 
developed joint ly with federal  agencies. 
H4. Salt water intrusion from offshore to inland has 
caused the majori(v of land losses since the 1930s. H4 is 
based, in part,  on observed intrusions of  salt water  
at the bo t t om of  d redged  navigation channels .  H4 
makes  at least three  l inked assumptions:  coastwide 
salt water changes  occur, these changes  are signif- 
icant plant  stressors and  lead to vegetat ion losses, 
and  o the r  e m e r g e n t  plant  communi t i e s  do not  suc- 
cessfully recolonize any new niche created.  
I did not  evaluate the role of  subsidence and sea- 
level rise in explaining the dramat ic  coastwide land 
losses of  this century. These  two factors r ema ined  
relatively stable this century  when the land loss 
rates rose and fell. I~ocal subsidence caused by oil 
and gas fluid withdrawal in Louisiana has been  es- 
t imated to be 2 cm for  the ent i re  per iod of  pro- 
duct ion (Martin and  Serdengect i  1984; Suhayda 
1987), which is relatively insignificant c o m p a r e d  to 
soil subsidence rates that range  between 0.3 cm 
yr ~ to 1.5 cm yr -~ at one  location and the coastal 
sea-level rise of  about  0.23 cm yr i (Turne r  1991). 
T h e r e  are clearly long- term variations in wind, and  
therefore  sea level. However,  the t rend in water 
level for  the last 80 yr is essentially l inear and there  
is no  accelerat ion in relatiw~ sea-level rise at any 
tide gauge site with a long- term record  (Turne r  
1991). A marsh exper ienc ing  a rising sea level or  
a subsiding land level obviously requires  compen-  
satory accret ion to remain  as land and  not  be con- 
ver ted to water. The  ant ic ipated cl imate changes  
result ing f rom an th ropogen ic  al terat ion of  the 
ear th ' s  a tmosphe re  may cause accelerated sea-level 
rise rates and  cause addi t ional  p rob lems  if thcsc 
rates accelerate in the furore. 
Specific examples  can be found  to suppor t  all 
four  hypotheses  for por t ions  of  the coast. A quan- 
titative and coastwide scientific analysis of  these hy- 
potheses  is needed .  One  appropr ia t e  approach  is 
to identify and  analyze the spatial pa t te rns  of  land 
loss across the entire coastal zone fbr the per iod 
jus t  before,  during,  and  after  these land loss rates 
peaked.  
Materials and Methods 
Britsch and  D u n b a r  (1993) made  five land in- 
ventories  for  coastal Louisiana for the per iod 1930s 
to 1990. The i r  p r imary  data were derived f rom col- 
o red  overlays on 15-min base maps  (approximate ly  
63 • 10 :r ha) whose open  water habitat  changed  
between m a p p i n g  intervals. This data  covered a 
longer  period than most other  studies (60 yr) and 
they used a consistent interpretat ion method.  In 
contrast to o ther  datasets, the Britsch and Dunbar  
dataset is based on gross land loss rates rather than 
net  land loss rates. These maps depict only the 
gross changes from land to water for two reasons. 
First, land that became open  water was colored 
over on the 1930s era base maps, and any subse- 
quent  change to land was not  identified because it 
lay under  an existing color. Changes from open 
water to land were shown only if they could be 
shown on the 1930s era base map, as in the in- 
stance of  the emerging  Atchafalaya delta. Thus, 
there was no estimation of  the effects of  land con- 
verted to open  water in one  interval and that con- 
verted back to land in a subsequent  interval. It is 
not  possible to measure the restoration of  fo rmer  
open  water to wetland that resulted from natural 
or human  efforts using their approach.  Second, 
there were routine interpretat ion errors, c o m m o n  
to most change analyses, that led to a liberal esti- 
mate of  land loss within a mapping  interval. If  wa- 
ter levels were exceptionally high, or  misidentifi- 
cation occurred,  then errors were permanent ly  
propagated into the next measurement  intervals. 
The first mapping  date was from a series of  pho- 
tographs from the 1930s (range 1931 to 1949; I.t = 
1934). The second mapping  date was for the mid 
1950s (range 1951 to 1958; Ix = 1957), just  after a 
significant decline in suspended sediment  concen-  
trations in the Mississippi River occur red  in 1952- 
1955 (Kesel 1988). The other  mapping  years were 
1974, 1983, and 1990. 
Britsch and Dunbar  (1993) classified land loss as 
land that converted to ()pen water and distin- 
guished two categories of  land loss. Their  category 
manmade loss was a direct consequence  of  human  
modification and " the  majority . . .  is the result of  
dredging activity associated with drill rig location 
canals, pipelines, and waterways designed to aid 
navigation." Natural loss was all o ther  land loss. 
The manmade  loss in the Britsch and Dunbar  
(1993) analysis is the same as what is called direct 
land loss in this analysis. Their  manmade  loss is 
equivalent to the area classified as d redged  water- 
ways in a detailed habitat inventory for 1978 con- 
ducted by the United States Fish and Wildlife Ser- 
vice (summarized in Baumann and Turner  1990) 
if the differences between survey dates and areal 
coverage are considered. 
A map order  was assigned to the 15-min base 
maps to denote  their relative position inland from 
the estuarine entrance (Fig. 2). In o ther  words, for 
each estuary the quadrangle  map closest to the es- 
tuarine entrance was the lowest numbered  map, 
and the quadrangle  map farthest f rom the sea was 
mlmbered  the highest. 
Testing Wetland Loss Hypotheses 5 
The density of  artificial features and land loss 
rates for direct and indirect sources were calculat- 
ed for each mapping  interval. I used all data, ex- 
cept that from maps with >85% open water, or 
<104 ha land surface area within a 15-min quad- 
rangle map. A second degree polynomial  fit of  all 
pr imary (inventory) data was used to describe the 
cumulative coastwide direct and indirect losses in 
any one year, and the changes between years. The 
annual  changes in direct losses obtained from this 
statistical analysis was compared  to the amoun t  of  
permit ted dredging in the coastal zone. 
The  Lou i s i ana  D e p a r t m e n t  o f  Na tura l  Re- 
sources ,  Coastal  M a n a g e m e n t  Division (DNR 
CMD) began keeping records on dredging activity 
within the coastal zone in 1982. These data are 
used to de termine  the amoun t  of  direct impacts 
occurr ing between 1982 and 1995 (inclusive). 
There  was, therefore, an independently-derived da- 
taset to compare  with the results of  the statistical 
model.  The estimate of  the direct land losses from 
the polynomial model  for 1935 to 1990 was then 
expanded  to the period 1991 to 1995 by including 
these records from the Louisiana DNR CZD. 
A second-degree polynomial fit of  the ratio in- 
direct:direct land loss by year was also made to pre- 
dict that ratio tbr the per iod 1991 to 1995. Tile 
resulting estimated ratio for each of  the 5 yr was 
then multiplied by the amoun t  of  direct land loss 
for the same interval and this p roduc t  was used to 
estimate the cur rent  total land loss (direct and in- 
direct) for that interval. 
Results  
H1. This hypothesis proposes that hydrologic 
change,  a direct loss resulting primarily from 
dredging,  causes land loss indirectly. This hypoth- 
esis would be rejected if a plot of  the relationship 
between the direct (x axis) and indirect losses (y 
axis) for each quadrangle  map were statistically in- 
significant or inversely related. I l l  would be par- 
tially rejected if the X,Y intercept  was above zero, 
because it implies that these two factors were re- 
lated but under  the influence of  an additional fac- 
tor. H1 might  also be rejected if the estimated in- 
direct loss rates for the coast began before the rise 
in direct impacts, or peaked before the peak in 
direct impacts. 
Annual  coastwide cumulative changes in the di- 
rect and indirect losses were nearly coincidental  
over the last 60 yr, a l though the fo rmer  lags about  
10 yr after the latter (Fig. 3). The changes in land 
loss rates this century are similar to results for 
smaller areas of  the coast (e.g., Sasser et al. 1986; 
Bass and Turner  in press). Land loss will approach  
zero four decades before that proposed  in Louisi- 
ana's  State Restoration Plan (Anonymous 1995b) 
6 R.E. Turner 
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Fig. 2. The  location of  the  study area boundar ies  (eight es tuar ine  watersheds)  and  the  del ineat ion of  dis tance from the coast for 
each 15-min quad rang le  map,  n u m b e r e d  f rom the es tuary en t rance  (1) to f resher  habitats (h igher  numbers ) .  Some maps  had 
extensive overlap in two estuaries. T he  Chen ie r  Plain has  hydrologic barriers a l igned parallel to shore  of  a b a n d o n e d  sand deposits  
accumula t ing  as a consequence  o f  deltaic g r o w t h / a b a n d o n m e n t  cycles on  tile cont inenta l  shelf. Estuar ine f lushing  for the  Chen ie r  
Plain estuaries is therefore  n u m b e r e d  in an east and  west direction.  
if the present  loss rate curve of  the past 50 yr con- 
tinues its present  trajectory (Fig. 3). The re  is a lin- 
ear relat ionship between the indirect  and direct  
land losses among  the individual 15-min quadran- 
gles for  estuaries of  similar geology (Fig. 4). Fur- 
ther, the intercept  is zero (95% C1), implying an 
absence of  significant coastwide effects due  to oth- 
er  factors. The  ratio of indirect  to direct  land loss 
is highest  where the hydrologic flushing is greatest, 
that  is, near  the estuarine entrance,  or, in the case 
of  the Mississippi River delta, where the wave en- 
ergy is highest (Fig. 5). This hypothesis, therefore,  
is not  rejected. 
H2. This hypothesis  suggests that a reduc t ion  in 
sed iment  concen t ra t ion  in the Mississippi River in 
the 1950s con t r ibu ted  to indi rec t  losses in subse- 
quen t  years and that the t ranspor t  pathway into 
the estuary was th rough  the tidal passes. T h e r e  
was no  change  in the Y-intercept o f  a X,Y plot  of  
the direct  and indi rec t  land losses before  and af- 
ter the per iod  when suspended  sed iment  concen-  
trations in the Mississippi River decl ined (the 
1950s; Fig. 6). If this hypothesis  was no t  going to 
be rejected,  then  the Y-intercept of  the X,Y plot  
of  data f rom after  the 1950s for  any of  the three  
intervals should have risen above the Y-intercept 
o f  the X,Y plot of  data f rom before  the 1950s. 
Tha t  result  was not  observed.  If H1 was rejected 
( that  is, if the X,Y plot  in Figs. 4 or 6 was a c loud 
of  data points) ,  t hen  H2 could  no t  be tested in 
this manner .  H2 was also partially re jected be- 
cause significant land losses started before  the de- 
cline in suspended  sediments  in the 1950s. This 
hypothesis  is the re fore  rejected.  
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Fig. 3. Land loss and canal density over time. Uppe r  panel: 
Coastwide cumulative loss rates for direct  (X axis) and indirect  
conversions (Y axis) o f  land to water, and the ratio of  indirect  : 
direct  losses. A polynomial fit o f  the data is shown. Bottom pan- 
el: the in terpolated annual  conversions of  land-to-water for di- 
rect (X axis) and indirect  (Y axis) land losses estimated from 
data shown in the top panel.  
H3. This hypothesis  assumes that  the Mississippi 
River f lood p ro tec t ion  levees p roh ib i t ed  signifi- 
cant  quanti t ies  o f  sed iment  f rom being transport-  
ed into the f resher  es tuar ine habitats and  thereby  
significantly d iminished  wet land accre t ion rates 
and that  these changes  were no t  compensa t ed  by 
o the r  processes. This hypothesis  is re jec ted  for  
four  reasons. First, the Y-intercept of  a plot  of  the 
di rect  losses (X axis) and  indi rec t  losses (Y) is no t  
above zero in Fig. 4, and  the in te rcep t  and pres- 
ence  o f  a l inear  fit o f  the data over the four  map- 
p ing intervals are stable (Fig. 6). This result  sug- 
gests that  the cumulat ive effect  of  the p re sumed  
sed iment  deprivat ion was insignificant c o m p a r e d  
to the indi rec t  effects of  the di rect  land losses. A 
second reason to re ject  H3 is that  the rise and fall 
o f  the di rect  and  indi rec t  land losses are nearly 
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coincidenta l  (Fig. 3), whereas the reduct ions  in 
water sediments  f rom overbank f looding were sus- 
ta ined to present .  A third reason for  reject ing H3 
c o n c e r n s  w h e r e  r e d u c e d  o v e r b a n k  f l o o d i n g  
would have an effect. The  estuar ine headwaters  
are where  overbank f looding previously occu r r ed  
(but no t  every year).  However, the freshwater  and 
sediments  del ivered by overbank f looding were 
no t  equal  in three  deltaic plain estuaries (Bara- 
taria, T e r r e b o n n e ,  and Lake Pontchar t ra in ) .  The  
distance between estuary and  river, the n u m b e r  
of  crevasses going into each and  the a m o u n t  of  
water and sediments  t r anspor ted  to those estuar- 
ies were all very d i f ferent  f rom another .  The  Bar- 
ataria and T e r r e b o n n e  estuaries are west of  the 
Mississippi River and  receive only local runoff .  
The  low salinity (<5%0) Lake Pontchar t ra in  es- 
tuary receives local r u n o f f  and occasional  Missis- 
sippi River diversions (seven times this century) .  
The  St. Be rna rd  estuary is east of  the Mississippi 
River del ta  and  has a major  shipping channe l  (the 
Mississippi River Gul f  Outlet)  traversing no r th  to 
south,  connec t ing  it to Lake Pontchar t ra in .  In ad- 
di t ion,  the a m o u n t  of  sediments  fo rmer ly  flowing 
overbank dur ing  floodstage is only 3% of  the total 
sed iment  load (Kesel 1988). These  di f ferences  
among  estuaries should have con t r ibu ted  to a 
p o o r  data fit in Figs. 4 and 6, yet, in contrast ,  the 
coeff ic ient  of  de te rmina t ion ,  R 2, w a s  between 0.43 
and 0.97. The  last a r g u m e n t  in favor o f  re ject ing 
H3 is that  H2 was rejected.  H2 addressed the ef- 
fects of  a 50% decrease  in average riverine sedi- 
men t  concen t ra t ion  since the 1950s (that  en t e r ed  
th rough  tidal passes) c o m p a r e d  to a 3% reduc t ion  
in sed iment  supply f rom overbank f looding.  It 
seems unlikely, but  no t  impossible, that  a small 
change  in sed iment  and  freshwater  en te r ing  at 
the headwaters  would have a grea ter  effect  than 
would a large change  at the estuarine ent rance .  
H4. The  relat ionship between the indirect  losses 
and ei ther  salinity or  salinity change are the subject 
of  H4. Salt stresses should be lowest for  the plants 
most  adapted  to high salinity, and highest  for  those 
plants least adapted  to salt (i.e., those plants locat- 
ed in the freshwater marshes).  Dredged  channels  
bring salt water fu r ther  into the coastal zone, so 
this hypothesis cannot  be rejected on the basis of  
results shown in Figs. 3 or  4, because H1 and H4 
may be causally linked. If salinity stress occurs and 
leads to land loss, then  the amoun t  of  indirect  land 
loss per  direct  land loss should be highest  in the 
lowest salinity zone. This result was not  observed. 
The  ratio of  indirect  to direct  land loss declines, 
no t  increases, going f rom salt water to freshwater 
zones, along a gradient  f rom the estuarine mou th  
to inland. This ratio does not  decline in the region 
where plant  stresses should be most  sensitive to sa- 
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linity stress (Fig. 5). The re  is more  land loss per  
d redged  channel  in the high salinity zone of  the 
estuary than in the low salinity zone. Further,  long- 
term salinity increases are not  observed across the 
coast. Instead, there  is annual  variability in cstua- 
rine salinity that reflects the inf luence of  the major 
source of  fresh water, the Mississippi River. Some 
areas, in fact, have lower salinities in recent  de- 
cades (Wiseman et al. 1990). Salt water intrusion 
does not  appear  to be a major  indirect  factor driv- 
ing coastwide land loss this century  (al though it 
may be significant in certain local areas). This hy- 
pothesis was there tore  rejected. 
H1 is the only hypothesis that is not  rejected. It 
explains the rise and fall of  land loss rates in time 
and space across the coast, has empirical and ex- 
per imenta l  field and laboratory studies to suppor t  
it, and is a more  efficient explanat ion than alter- 
native hypotheses (the application of  Occam's  Ra- 
zor).  
Discuss ion 
The  indirect  effects of  dredging on this coastal 
env i ronment  appear  to significantly affect land loss 
on this coast and can be empirically related to vir- 
tually all o f  the land-to-water conversions in the last 
60 yr. Conceptual  models  of  land loss that are pri- 
mari ly  based  on  physical  p h e n o m e n a  should ,  
therefore ,  be re-examined.  The  present  manage- 
men t  models attribute wetland gain, maintenance ,  
and loss primarily to riverine sediment  supply and 
the resulting deltaic cycles of  the last 6,000 yr. In 
the sediment  deprivation model ,  if sediment  sup- 
ply is known then wetland area is known, the 'ad- 
ditional '  within-estuary influences of  human  activ- 
ities on the landscape are supplementary,  and the 
present land loss rates may be essentially unavoid- 
able. It follows f rom this model  that vegetated hab- 
itats are almost entirely a consequence  of  the geo- 
logical regime and that the indirect  impacts o f  
plants on the land area are of  lesser importance.  
Testing Wetland Loss Hypotheses 9 
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In this model  tile deltaic growth phase mirrors the 
destructional phase and it is the balance of  these 
two that determines  the main tenance  phase. The 
Mississippi River and Atchafalaya River deltas are 
often used as examples of  coastal wetland growth, 
maintenance,  and decay whose controll ing ele- 
ments are physical, not  biological. This model  pro- 
vides a firm basis for managemen t  action, but it 
appears to be incorrect.  The restoration remedies 
arising from this historical-geological reconstruc- 
tionist model  are to distribute more  sediment  into 
the marsh and to control  discrete points for river 
diversion in order  to mimic the deltaic growth 
model.  In this model ,  managemen t  "fixes" of  the 
regional geology will compensate  for negative hu- 
man influences (e.g., Anonymous  1995b). The re- 
sults of  the tests of  hypotheses herein show the 
strictly physical model  to be a very imperfect,  if not  
inadequate,  model  to describe events on this coast. 
A model  with a broad ecological emphasis in- 
corporates the relationships between plants, hy- 
drology, and sediments. In an ecological model,  a 
variety of  different and impor tant  stressors togeth- 
er de termine  whether  there is open water or wet- 
land. There  are several qualitative examples of  
these interrelationships. For example, stems slow 
overbank current  velocities enough  to allow sus- 
pended  sediments to fall out  of  suspension, and 
suspended particulate material is attracted to the 
plant surface dur ing submergence  and later falls 
to the marsh surface (Stumpf 1983). In this per- 
spective, plants are not  ancillary contr ibutors to 
wetland landscape development  but  are active bio- 
geophysical agents. Plants may also play an under-  
appreciated role in dominat ing  the accumulat ion 
of  sediments th rough  their contr ibut ion to soil or- 
ganic matter  belowground.  Suspended material 
t ransported from the river to the sea may arrive in 
the estuary after transit th rough the tidal passes, 
just  as salt does (Wiseman et al. 1990), and be de- 
posited in sufficient quantities to compensate  for 
variations in relative sea-level rise, climate, and or- 
ganic deposition rates. In the ecological model  the 
main tenance  phase is not  driven by the same bal- 
ance of  factors as in the growth phase; the ecolog- 
ical model  distinguishes between growth factors 
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and sustenance factors. It does not  assume that  the 
m o d e r n  b i rdfoot  delta that extends  .50 km onto  the 
cont inenta l  shelf  is a comple te  or  even appropr ia te  
m a n a g e m e n t  mode l  for  the inter-levee wetlands 
f o r m e d  within the b road  deltaic plain. 
These  relat ionships may be nonlinear ,  cumula-  
tive, and  unclear.  They  may have a bear ing on wet- 
land restorat ion efforts. For example ,  dead end  ca- 
nals tend to fill over time, and  canals refilled f rom 
the r emain ing  spoil material  may revegetate  as 
does the f o r m e r  spoil bank  (Neill and  T u r n e r  
1987; T u r n e r  et al. 1994b). A ra ther  striking ex- 
ample  of  a reversal of  soil subsidence was mea- 
sured in a Delaware marsh.  The  soil surface 
s topped  falling and  even rose slightly when some 
Delaware mosqui to  ditches were filled in; the un- 
desirable plant  c o m m u n i t y  changes  caused by 
di tching also began  to reverse concurren t ly  (Daigh 
et al. 1938). When  levees fo rming  an impound-  
men t  in Florida were broken ,  the vegetat ion re- 
t u rned  (Gihnore  et al. 1981). Wetland vegetat ion 
also r e a p p e a r e d  when dikes were b r eached  in two 
200-acre wetlands nea r  San Francisco (Faber 1982; 
.Josselyn and  Perez 1982) and  when partial  tidal 
restriction was r e tu rned  to a Connec t icu t  coastal 
marsh (Roman et al. 1984). Restorat ion of hydro- 
logic flows in these Louisiana wetlands is a key el- 
e m e n t  in a sustained successful wetland restorat ion 
effort  whose results may occur  slowly (1% yr-t?),  
and  perhaps  naturally, as the existing spoil banks 
disintegrate.  
What  is p ro pos ed  herein,  then,  is a pa rad igm 
shift that  reveals the need  for  much  greater  eco- 
logical unders t and ing  of  these wetlands. The  ef- 
fects of  extensive hum an- i nduced  changes  on this 
coast have apparen t ly  ove rwhe lmed  the causal link- 
ages identif ied in a historical reconstruct ionis t  view 
of  deltaic gain and  loss. However, to say that man-  
a g e m e n t  should be based on an ecological mode l  
or  should encourage  the restorat ion of  the natural  
hydrology is be ing  very imprecise  for scientific 
sc ru t iny- - i t  does not  predic t  or  quantify. But, it 
does suggest that  in t roduc ing  sediments  into a ,sys- 
tem without  adjusting for  the de t r imenta l  effects 
o f  hydrologic stressors may not  be  helpful,  or  
worse. Also, res torat ion on the scale of  an estuarine 
watershed may be misguided if the site-specific hy- 
drologic stressors are not  addressed coincidentally. 
Several impor t an t  points  em erge  f rom this anal- 
ysis that are relevant  in designing and  implement -  
Testing Wetland Loss Hypotheses 11 
ing wetland restorat ion efforts: First, the most  ob- 
vious point  is that  natural  wetland hydrologic flows 
are complicated,  and  perhaps  too compl ica ted,  to 
be r ep roduced  precisely th rough  eng ineer ing  ap- 
p roaches  and  are certainly to be respected as a 
s trong influence on wetland heal th  and stability. 
Hydrologic  changes  following dredging there fore  
ex tend  widely and  perhaps  unpred ic t ab ly - -we  can- 
not  yet de t e rmine  precisely where  wetland loss will 
and will not  occur. Hydrologic  changes  made  with- 
out  an increased knowledge of their  impacts  are 
jus t  as likely to fail as to succeed, and  may inad- 
vertently accelerate the conversion of  m o r e  coastal 
wetlands to open  water. Second,  e i ther  sediments  
or  plants may accumula te  enough  organic  and in- 
organic materials to compensa te  for a rising sea 
level and subsiding land. Hydrologic  couplings in- 
f luence this accumula t ion  rate over  the long run,  
and  hydrologic changes  may subtly and  de t r imen-  
tally "affect wetlands (in te rms of  main ta in ing  wet- 
land plant  popula t ions) .  Third,  the institutional 
f ramework  of  approving  many  small pe rmi t t ed  ac- 
tions in I ,ouisiana has p roduced  previously tmfore-  
seen cumulat ive effects with delayed expression 
and  long- term consequences .  IIowever,  these per- 
mit t ing actions are a jo in t  state and  federal  re- 
sponsibility and  offer  a potential ly fruitful oppor-  
tunity to reduce  wetland loss rates and restore wet- 
lands. Some results of  such interact ions have al- 
ready been  accompl ished  with the p r o m o t i o n  of  
directionally drilling into several oil reservoirs 
f rom one  location, thus reduc ing  the impacts  to 
wetlands (Johnson et al. 1990). Fourth,  the vast 
majority of  spoil banks and  canals are already con- 
structed. For example ,  the addit ional  area of  
d redged  canals added  in 1993 was less than 0.2% 
of  the total p resen t  in 1992. One  implicat ion of  
this low percen tage  is that  wetland restorat ion ef- 
fbrts should be involved with the legacy of  old spoil 
banks at least as m u c h  as with scrutinizing new 
dredge  and  fill permits .  The  old and  new spoil 
banks could be reconf igured  to provide less dam- 
aging indirect  impacts  (Turne r  et al. 1994a). Fifth, 
fresh water and  sed iment  in t roduct ions  into the 
coastal zone th rough  cuts in the Mississippi River 
levees are possible helpful  changes.  IIowever,  they 
are limited by water  supply, land ownership  ques- 
tions, and  navigation issues; are restricted to a few 
ent ry  points; and  their  construct ion consumes  
scarce financial resources (comparat ive  data are in 
4-- 
Fig. 6. The relationship between the cumulative indirect (Y axis) and direct losses (X axis) for all data expressed as the ahsolute 
area (A) and relative to the o,'iginal land area (B). Four intervals are shown. The slopes increase as tile interval length increases, but 
the intercept passes throt, gh the origin for all mapping intervals. Only quadrangle maps with <85% open water and >8,100 ha are 
included, p < 0.01 in all cases. 
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T u r n e r  et al. 1994a). Reduct ions  in the supply of  
sediments  and  fresh water, for  which diversions 
seek to compensa te ,  do not  a p p e a r  as s t rong a 
causal agen t  o f  wet land demise  as hydrologic 
changes  do. Sixth, a landscape perspective,  as 
shown herein ,  can assist in that  analysis and  solu- 
tion. 
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